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Abstract
Single-aliquot (U-Th)/He dating of hematite has been used to study iron-
oxide precipitation in various environments, but we show there is an im-
portant challenge to the method: highly retentive hematite samples require
temperatures of >1000 °C to be completely degassed, whereas the tempera-
ture for major U-loss is ∼980 °C. This leads to erroneously high (U-Th)/He
ages. Through the analysis of U, Th, and Sm of hematite and goethite sam-
ples, we show the degree of U-loss at this temperature and demonstrate that
prolonged heating at temperatures of 950 °C can lead to U-loss. We show
that loss of U in goethite and hematite samples is associated with phase
change from hematite to magnetite as Fe is reduced. The onset temperature
of vacuum reduction of hematite can be increased from about 800-900 °C in
vacuum to approximately 1250 °C in an oxygen partial pressure of 100 mbar.
We show that samples can be outgassed to extract helium at 1150 °C without
U-loss in an O2-rich atmosphere during heating, which does not increase the
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analytical blanks. We describe our implementation and automation of the
procedure. An average age calculated on a reference hematite sample from
replicate aliquots (n=12), which were analyzed using this procedure, has a
relative uncertainty of 2% (1σ), and is within uncertainty of the previously
measured two-aliquot age. We suggest this O2 degassing procedure as a way
to precisely and reproducibly determine single-aliquot hematite and goethite
(U-Th)/He ages.
Keywords: hematite, goethite, (U-Th)/He dating, single-aliquot,
geochronology
1. Introduction1
(U-Th)/He geochronology and thermochronology of hematite has been2
used to quantify the time-scales of lateritic weathering (Pidgeon et al., 2004;3
Danǐśık et al., 2013; Cooper et al., 2016; Wells et al., 2019), fault activity4
(Adams et al., 2013; Evenson et al., 2014; Ault et al., 2015, 2016; McDer-5
mott et al., 2017; Moser et al., 2017; Calzolari et al., 2018; Garcia et al.,6
2018), episodes of hydrothermal mineralization (Wernicke and Lippolt, 1993,7
1994a,b; Bähr et al., 1994; Lippolt et al., 1995; Wernicke and Lippolt, 1997;8
Farley and Flowers, 2012; Farley and McKeon, 2015; van den Kerkhof et al.,9
2018; Jensen et al., 2018; Wu et al., 2019), and diagenetic cementation (Rein-10
ers et al., 2014). Highly retentive hematite samples must be heated to >100011
°C to completely degas helium (e.g. Farley and Flowers, 2012; Farley and Mc-12
Keon, 2015). In goethite, which transforms to hematite around 180-300 °C13
(Prasad et al., 2006; Ruan et al., 2001) and is therefore present as hematite14
at goethite degassing temperatures (800-1000 °C), a substantial loss of U15
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has been documented (Vasconcelos et al., 2013). Therefore, we also expect16
U-loss in hematite due to sample heating, which leads to erroneously high17
(U-Th)/He ages. The origin of this U-loss is not currently known, but it18
may involve U-volatilization and removal from the sample. In some cases,19
volatilization of bulk material (Fe, Mn, Cu, Pb, etc.) has been observed as20
well (Garcia et al., 2018).21
In order to circumvent the problem of U-loss, some studies have employed22
the two-aliquot approach (Strutt, 1909; Bähr et al., 1994; Wernicke and Lip-23
polt, 1993, 1994b,a; Pidgeon et al., 2004), by which analyses of parent and24
daughter isotopes are performed on separate aliquots. In the two-aliquot ap-25
proach, a large amount of material (tens of milligram to gram quantities) is26
crushed and homogenized. An aliquot of this material is weighed and heated27
to 1200-1400 °C (Wernicke and Lippolt, 1994b; Bähr et al., 1994; Farley and28
Flowers, 2012; Farley and McKeon, 2015) to achieve complete degassing of29
helium, which is measured using a noble gas mass spectrometer. A different30
aliquot is analyzed for parent isotope concentrations (e.g. Farley and Flow-31
ers, 2012; Farley and McKeon, 2015; Wu et al., 2019), usually by isotope32
dilution inductively-coupled plasma mass spectrometry (ICP-MS) after acid33
dissolution. Separately measured He, U, Th, and Sm concentrations are then34
used to compute a single (U-Th-Sm)/He age.35
However, a large amount of sample is required to perform separate mea-36
surements because of the need for homogeneous material. Homogenization37
of sample material obliterates any inhomogeneity in parent or daughter iso-38
topes, which might be of interest. Any actual age heterogeneity in the sample39
is reduced to an average age, which might not be geologically meaningful.40
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Single-aliquot (U-Th)/He dating, in which 4He and parent isotopes are mea-41
sured on the same aliquot, is the preferred approach for geochronology and42
thermochronology of apatite (Wolf et al., 1996), zircon (Reiners et al., 2002),43
and other phases. Aliquots of typically 10-100 µg are laser-heated in Pt or44
Nb packets to release He. After the helium measurement, the sample inside45
the packet is dissolved. Parent isotopes are measured by isotope dilution,46
along with determination of the mass of the sample based on mineral sto-47
ichiometry. Since both parent and daughter isotopes are measured on the48
same aliquot, a (U-Th)/He age is calculated from absolute amounts of U,49
Th, Sm, and 4He in the sample.50
Single-aliquot dating has several advantages over the two-aliquot method.51
Since there is no need for homogenization, the required sample masses are52
much lower. Inhomogeneity in parent and daughter isotopes is taken into ac-53
count, since helium and U/Th/Sm are measured on the same material. This54
permits age determination with high spatial resolution, which is especially55
useful for layered iron-oxide deposits, such as pisoliths, which display signifi-56
cant age heterogeneity on length-scales of tens of micrometers (e.g. Hofmann57
et al., 2017). These samples might not yield enough sample material for the58
application of the two-aliquot method, leaving the single-aliquot method as59
the only feasible way to determine meaningful (U-Th)/He ages.60
If any U or Th, or even sample material, was lost before the dissolution step,61
the absolute amounts of parent isotopes would be deficient relative to the62
amount of extracted 4He and ages would appear anomalously high. Extrac-63
tion temperatures for (U-Th)/He dating are chosen by individual laboratories64
based on the phase – about 940 °C for goethite (Shuster et al., 2005), 105065
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°C for apatite (Wolf et al., 1996), 1200 °C for zircon (Reiners et al., 2002),66
and 1280 °C for titanite (Reiners and Farley, 1999) — so as to reliably and67
quantitatively extract He. Potential volatilization of parent isotopes due to68
heating has been a concern since the initial development of the (U-Th)/He69
method. For apatite, Wolf et al. (1996) showed no measurable loss of U or70
Th at 1100 °C. Zircon has been shown to retain U at temperatures of 130071
°C (Reiners et al., 2005). Major loss of U as a result of direct laser-heating72
has been documented in titanite (Reiners and Farley, 1999).73
Extraction time and temperature required to completely degas helium from74
a mineral are dependent on its He-retentivity. In goethite, U is lost while75
Th is retained at high temperatures (Vasconcelos et al., 2013). This effect76
can be documented by heating aliquots of the same sample, which should77
yield the same ages, to different temperatures and expressing the outcome78
as an apparent age. Figure 1 shows a theoretical example. More helium is79
extracted with increasing temperature, leading to an increase in apparent80
age. As U-loss occurs at high temperatures, the resulting age of aliquots81
increases rapidly. In samples in which effective uranium concentration (eU)82
is dominated by U, the apparent age will tend to infinity for complete U-loss.83
With Th or Sm present, the age will increase to a value higher than the age of84
the sample. Ideally, U-loss will occur at temperatures well above the temper-85
ature for complete helium extraction, which will define a plateau accurately86
corresponding to the ‘true’ (U-Th)/He age of the sample (Vasconcelos et al.,87
2013). If U-loss occurs at temperatures below those required for complete88
helium extraction, there is no plateau (Fig. 1) and, consequently, no ‘safe’89
temperature range for sample degassing.90
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Figure 1: Theoretical heating experiment with U-loss in an ideal case (left) and a problem-
atic case (right). Below the He extraction temperature, ages are lower than the ’true’ age
of the sample due to incomplete helium extraction. U is lost at high temperatures, which
leads to an increase in age as well as Th/U and Sm/U ratios. Age will tend to infinity
for complete U-loss, unless Th is present. In an ideal case, complete helium degassing
occurs at temperatures lower than that of U-loss. Samples can be safely degassed in the
temperature range of the plateau between the He-extraction and U-loss temperatures. If
U-loss occurs at temperatures above that of complete He extraction, there is no plateau
and the age of the sample cannot be accurately determined.
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Vasconcelos et al. (2013) performed this experiment on one goethite sam-91
ple, which fully degassed when heated to around 925 °C for 6 min. Appar-92
ent ages increased above the bulk age of the sample between 1050 °C and93
1100 °C, along with a significant increase in the Th/U ratio. In the case94
of this goethite, the required He-degassing temperature seems to be signifi-95
cantly lower than the U-loss temperature. If the result is representative, then96
goethite samples can be degassed at an intermediate temperature, ensuring97
complete helium extraction without U-loss. The same pattern of U-loss in98
goethite and hematite samples heated to high temperatures has been ob-99
served in subsequent studies (e.g. Reiners et al., 2014; Garcia et al., 2018;100
van den Kerkhof et al., 2018).101
In this study, we perform the same type of heating experiment on small102
aliquots (5-200 µg) of hematite to find optimal extraction parameters while103
preventing U-loss, thus enabling a single-aliquot methodology similar to that104
for goethite. We show that U-loss correlates with the phase transition from105
hematite to magnetite, which occurs in hematite and goethite samples heated106
in vacuum. Furthermore, we demonstrate that the temperature of phase107
transition can be increased and U-loss can be prevented by degassing sam-108
ples in an atmosphere of pure O2. We describe how this method can be109
implemented and automated for routine single-aliquot dating of hematite110
and goethite samples.111
2. Experimental setup and samples112
We performed experiments with two basic setups to degas samples (a) in113
vacuum while exposed to a charcoal trap cooled with liquid nitrogen (LN2),114
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and (b) in a pure O2 atmosphere of about 130 mbar. Laser heating, helium115
measurement, sample dissolution, and elemental analysis followed the stan-116
dard procedures for goethite at Caltech described by Hofmann et al. (2017).117
2.1. Samples118
We performed heating experiments on hematite samples with well-es-119
tablished two-aliquot (U-Th)/He ages and (U-Th)/Ne ages (Tab. 1). They120
represent a wide range of ages (130-1760 Ma), as well as U and Th concentra-121
tions (0.2-15 ppm). These values were determined by previous studies on bulk122
samples of at least several milligrams (see Tab. 1). We adopted abbreviations123
for samples used in previous studies. HM1 (13-N64 ‘Black Rock’) and HM2124
(03QK-90 ‘Beeshoek’) are massive iron ore samples from boreholes (Miller,125
2019), MS (CIT-10443, MI-43) is botryoidal hematite from the Pabst Mine126
in the Gogebic Range, Michigan (Farley and McKeon, 2015), GC (CP06-1127
P300) is a hydrothermal hematite sample from the Redwall Limestone of128
the Grand Canyon (Farley and Flowers, 2012), and HM2048 (CIT-2048) is129
sample material derived from crushing a single-crystal hematite from Minas130
Gerais, Brazil (Farley, 2018).131
Additional samples were used to probe the effect of laser-heating and O2132
degassing on goethite (Tab. 1). The following goethite samples with ages of133
10-64 Ma were analyzed in this study: blade (DMNH-10029) is from a sam-134
ple with radiating blades of goethite on massive quartz (Miller, 2019), Lyp135
(LynP02-09-A2) and RH (Roy-02-02-C3) are from a banded vein and a mas-136
sive block of goethite from a channel iron deposit (Vasconcelos et al., 2013),137
YAN (YAN-02-01-A) is vitreous goethite cement from a channel iron deposit138
(Heim et al., 2006), and sample CIT (CIT-16406) is a banded goethite sam-139
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ple from the Igarape Bahia Mine, Carajas, Brazil obtained from the Caltech140
Mineral Collection.141
2.2. Helium-4 measurement142
Samples were loaded into Pt tubes of 1 mm length and 0.6 mm in diam-143
eter and the ends were pinched shut to produce flat packets. These packets144
were heated with a diode laser in vacuum while exposed to a charcoal trap145
submerged in LN2. Temperatures during heating were monitored using a146
one-wavelength pyrometer, which was calibrated by laser-heating a Pt packet147
enclosing a K-type thermocouple under both vacuum and O2 conditions (for148
details see Supplementary Material B). This empirical calibration was used to149
determine temperatures by optical pyrometry to within 2-3% (5-20 °C). The150
stated uncertainty takes into account slight differences in emissivity between151
different packets and changes in emissivity as a result of repeated heating152
cycles (see Supplementary Material B).153
We heated individual aliquots to a temperature between 600 °C and 1450 °C,154
in most cases for 10-20 min. The resulting 4He was spiked with pure 3He and155
cryogenically fixed. The 4He/3He ratio was measured using a Pfeiffer Vac-156
uum Prisma QMS 200 quadrupole mass spectrometer. Absolute amounts of157
4He were determined relative to a standard with a known amount of 4He.158
Standards and procedural blanks were interspersed every 3-6 sample mea-159
surements to track instrumental drift. We amended this setup for degassing160
of samples in a pure O2 atmosphere. In early experiments, we heated CuO161
packets to liberate O2, which produced oxygen partial pressures <1 mbar.162
To increase the phase transition temperature even further and to automate163
the extraction process, we connected an O2 tank with a pipette to the exist-164
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ing vacuum degassing system to deliver oxygen partial pressures between 30165
mbar and 150 mbar. We performed heating experiments of both hematite166
and goethite samples with this setup. Implementation of this method is dis-167
cussed below and further details can be found in Supplementary Material168
A.169
2.3. Sample dissolution and elemental analysis170
After degassing, samples in Pt packets were transferred to a Teflon vial171
and 100 µl of concentrated HCl as well as 100 µl of a spike solution containing172
235U and 230Th for isotope dilution and Ru for internal standardization was173
added. The Teflon vials were capped and refluxed on a hot plate at 150 °C174
for at least 12 hours. We did not observe any insoluble residue, showing that175
samples were completely dissolved by this procedure. Solutions were dried176
on a hot plate at 95 °C, and the resulting salts were dissolved in 50 µl of177
concentrated nitric acid, and diluted with 1 ml of MilliQ water. Elemental178
analysis of U, Th, Sm was performed by isotope dilution, and Fe, Mn, Al,179
and Si were measured with Ru as an internal standard using an Agilent 8800180
ICP-MS.181
We improved the precision and accuracy of the Fe-based sample mass mea-182
surement by using Ru instead of Ca as an elemental spike for ICP-MS.183
The precise and accurate determination of Fe-based sample mass is vital184
for detecting absolute U-loss, because U concentrations are calculated using185
Fe-based mass. We weighed aliquots of 50-650 µg on a microbalance and186
analyzed them using the procedure outlined above. The root mean square187
deviation of the Fe-based mass measurement from weighed mass is ∼3%188
for the Ru-spike and 9-22% for the Ca-spike. This shows that the exter-189
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of analytical and dissolution issues, is around 3% (1σ). Complete data and191
additional discussion can be found in Supplementary Material C.192
2.4. Monitoring phase change with ATR-FTIR193
We studied phase transitions due to laser-heating in natural hematite and194
goethite samples. Aliquots of several milligram of crushed material of 100-195
500 µm diameter (tens to hundreds of individual grains) were loaded into196
Pt tubes of about 3 mm diameter and 5 mm length, which were crimped at197
the ends. These packets were heated with the same laser heating system as198
described above. We prepared several aliquots of a sample and heated each199
packet to a temperature between 550 °C and 1450 °C. We performed experi-200
ments in both vacuum and ∼130 mbar of O2. Samples degassed in vacuum201
were heated while being turbo-pumped, because the release of O2 due to202
phase change would have created a much larger oxygen partial pressure than203
the smaller aliquots used for other heating experiments.204
To establish whether reduction to magnetite occurred, we tested heated sam-205
ples (still contained in Pt packets) for magnetism with a hand magnet. Pt206
packets were opened under a light microscope using forceps. Two individ-207
ual grains were picked for dissolution and ICP-MS analysis. The rest of the208
heated material was powdered using mortar and pestle, which was inves-209
tigated with Attenuated Total Reflection Fourier-Transform Infrared Spec-210
troscopy (ATR-FTIR). A spectrum from 400 to 4000 cm−1 was recorded with211
ten passes of 10 s integration time each. Phase was determined by comparing212
the spectra to those of synthetic hematite and magnetite powders as well as213
those of unheated samples. We also determined the height of peaks represen-214
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tative of hematite and magnetite and calculated a peak ratio. We use this215
ratio to estimate the amount of hematite converted to magnetite based on216
calibration with mixtures of synthetic hematite and magnetite (see Supple-217
mentary Material D).218
Since the FTIR method can only detect a fraction of at least 5-10% magnetite219
in hematite, we also performed another set of experiments to constrain the220
onset of the hematite-magnetite phase change. We measured the release of221
O2 resulting from the conversion of hematite into magnetite. Samples were222
laser-heated with progressively higher power, and the temperature and pres-223
sure were recorded. These experiments used a capacitance manometer, which224
was pumped for 24 h before the beginning of measurements. Since the laser225
chamber was not actively pumped during the experiment, we characterized226
the background rise rate several times and subtracted the background pres-227
sure from the sample measurements. After the highest temperatures were228
reached, the evolved gas was exposed to an LN2 trap to determine whether229
the composition was mainly O2 or whether other gases have also been released230
from the sample.231
3. Results232
3.1. Sample inhomogeneity233
Undegassed hematite samples with masses of 20-800 µg show large natu-234
ral variability of U, Th, and Sm concentrations as well as Th/U and Sm/U235
ratios (Fig. 2). We constructed kernel density estimates (KDEs) with band-236
widths equal to the average 2σ-heterogeneity of 10-45 replicate analyses. We237
determined the median value of the distribution, which we use as a refer-238
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ence for judging U-loss. KDEs of measured parameters often have a single239
peak, although many distributions are asymmetric and skewed toward higher240
values. The same sample can have parameters which have a broad and asym-241
metric distribution, while the KDEs of other parameters are more defined.242
The edges of the interquartile range (IQR) of the distributions of U, Th,243
and Sm concentrations are between 5% of 150% from the median. U con-244
centrations are most well-defined at around 10-20% variability, with Th and245
Sm concentrations both showing a variability of 20-50%. Th/U and Sm/U246
ratios vary about 20-40% in the IQR. Some samples have Th concentrations247
that are below the detection limit (MS, HM2048). These samples had Sm248
concentrations well above procedural blank levels and we utilized the Sm/U249
ratio instead of the Th/U ratio to detect U-loss.250
Each set of replicates contains several outliers, almost exclusively of higher251
than average U, Th, or Sm concentrations (Fig. 2). Inhomogeneity in U, Th,252
and Sm concentrations increases with smaller sample mass (Fig. 3), and con-253
centrations of aliquots >500 µg are close to the bulk values.254
Goethite samples have a larger natural variability in U, Th, and Sm con-255
centrations (Fig. 4). Samples CIT and RH have defined peaks of U and Th256
concentration, similar to most of hematite samples. Samples YAN, blade,257
and Lyp did not show a defined peak of U or Th concentrations, but a broad258
distribution of values with multiple peaks. Due to their great natural vari-259
ability, samples blade and YAN were not used for heating experiments, but260
they were analyzed for phase changes using ATR-FTIR.261
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Figure 2: Concentrations of U, Th, and Sm of undegassed hematite samples measured
on 25-45 aliquots of 20-800 µg, as well as Th/U and Sm/U ratios. Given are KDEs with
bandwidths of the average 2σ heterogeneity of individual measurements. Bars above the
KDEs indicate the median value and the interquartile range.
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U concentrations were normalized by bulk concentrations measured on several milligrams
of sample material. Small masses have larger variability, while larger aliquots have U
concentrations close to the bulk value.
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Figure 4: Concentrations of U, Th, and Sm of undegassed goethite samples measured on
10-26 aliquots of 20-350 µg, as well as Th/U and Sm/U ratios. Given are KDEs with
bandwidths of the average 2σ heterogeneity of individual measurements. Bars above the
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3.2. U-loss in vacuum heating262
We heated aliquots of four hematite (n=197) and four goethite samples263
(n=41) to temperatures between 500 °C and 1400 °C under vacuum. Mea-264
sured values of U, Th, and Sm concentrations as well Th/U and Sm/U ratios265
were normalized by the median value of undegassed aliquots or the average266
values measured by two-aliquot bulk analyses to show a summary of the re-267
sults (see Fig. 5). Plots and data for each individual hematite and goethite268
sample, separated by vacuum and O2 experiments as well as by whether Pt269
or Nb tubes were used, can be found in Supplementary Material E.270
Aliquots of the same sample heated to different temperatures showed the first271
signs of U-loss at ∼980 °C for both hematite and goethite (Fig. 5). There is272
considerable scatter of all measured parameters due to natural variability of273
the samples in U, Th, and Sm concentrations. However, clear trends emerge274
with a large number of aliquots of the same sample. U-loss manifests as275
a decrease in U concentration with a resultant increase in Th/U or Sm/U276
ratio. The amount of U-loss at any specific temperature above 980 °C varies277
between 5% and >95% and is not reproducible, due to a combination of278
natural parent isotope heterogeneity and sample response. We observed no279
systematic loss of either Th or Sm at high temperatures. Some samples had280
Th concentrations that were below the detection limit. For these samples,281
we utilized the Sm/U ratio, which showed the same increase due to U-loss as282
the Th/U ratio. The Th/U or Sm/U ratios are indicative of major U-loss.283
The natural variability of these parameters is 20-50% of the median value,284
therefore U-loss in individual samples was only apparent when it deviates by285
at least this amount. The Th/U or Sm/U ratio rapidly increases within a286
18
Jo
ur
na
l P
re
-p
ro
of
narrow temperature range of 50-100 °C from the point of initial U-loss (Fig.287
5). We found no difference in the U-loss temperature or amount of U-loss288
between Pt packets and Nb packets (for data see Supplementary Material289
E).290
The amount of helium extracted from the sample is a function of both tem-291
perature and heating time. For the same temperature, aliquots which have292
been heated for longer show a larger fraction of total helium extracted than293
those heated for shorter periods of time. Helium is extracted at a different294
rate for each sample, reflecting differences in retentivity. Some samples have295
He concentrations higher than those measured on bulk material, most likely296
due to U and Th concentrations in the aliquot which are higher than the297
bulk values.298
Hematite sample MS as well as all goethite samples are fully outgassed at299
around 800 °C (Fig. 5). In hematite samples HM1 and HM2, which are300
highly retentive, helium is fully extracted at ∼1150 °C and ∼1250 °C, re-301
spectively. Therefore, in these samples, helium is not fully extracted below302
the temperature of U-loss. Apparent ages are below the bulk age up to the303
U-loss temperature, then they increase rapidly as U is lost and more helium304
is extracted. The apparent ages at high temperatures are higher than the305
bulk age, quickly rising to several billions of years. For these samples, there306
is no age plateau and standard approaches cannot be used to accurately date307
the sample. An increase of several hundred degrees without U-loss is required308
to make these samples datable by the single-aliquot (U-Th)/He method.309
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Figure 5: Hematite and goethite samples heated to temperature between 500 and 1300
°C in vacuum. All values were normalized by median value from undegassed aliquots
(U, Th, Sm, Th/U or Sm/U; see Figs. 2 and 4) or two-aliquot bulk analyses (age, He
concentration; see Tab. 1) and gray areas represent the typical range of values. U-loss
is apparent as a deviation from the typical range of values in U concentration, Th/U or
Sm/U ratio, and age. U in both hematite and goethite is lost at temperatures above ∼980
°C.
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3.3. Effect of heating time310
Since the extraction of helium occurs by diffusion, prolonged heating311
time at a lower temperature can be substituted for high temperatures to312
completely extract helium. To test whether U-loss occurs at lower, ‘safe’313
degassing temperatures, we performed experiments in which samples were314
heated to 950 °C in vacuum for various lengths of time between 5 min and315
4 h. U-loss was detectable at isothermal holding times over 20 min (Fig. 6).316
U-loss increased with holding time, with almost complete U-loss occurring at317
around 4 h. The same trend can be seen in an increase of both the Sm/U ra-318
tio and the apparent age. Partial U-loss occurs at temperatures below those319
of massive U-loss, but only becomes apparent at long holding times. There-320
fore, longer holding times at lower temperatures are not a solution to the321
problem of U-loss in hematite and goethite for vacuum-heating experiments.322
3.4. Phase transition during heating323
We acquired ATR-FTIR spectra of samples heated to temperatures be-324
tween 500 °C and 1350 °C to investigate phase change due to laser-heating in325
vacuum and O2. The dominant phase was interpreted by comparing spectra326
of samples to those of synthetic goethite, hematite, and magnetite powders327
of 0.15-0.35 µm grain-size. An example of a series of ATR-FTIR analyses is328
shown for sample HM2 (Fig. 7). We performed similar analyses on a total329
of five hematite samples and three goethite samples, the full results of which330
can be found in Supplementary Material D.331
We observed partial conversion of hematite to magnetite in vacuum start-332
ing at around 950-990 °C (Fig. 9). Minor U-loss, measured on the same333
material was detected in the same temperature range. Complete conversion334
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Figure 6: Effect of heating time on hematite sample MS with isothermal holding in vacuum
at 950 °C (black). At this temperature, U-loss in vacuum is detectable for heating times
>20 min. Samples heated in ∼130 mbar O2 at 1000 °C (green) do not show any loss of U
regardless of heating time. Black and green lines represent general trends.
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Figure 7: ATR-FTIR spectra of hematite sample HM2, heated to different temperatures
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of hematite to magnetite occurred between 1050 °C and 1200 °C, associated335
with major loss of U. This pattern of U-loss is similar to that found in vacuum336
heating experiments described above. The samples that contained detectable337
amounts of magnetite were found to respond to a weak hand magnet while338
still in their Pt packets. The streak of the sample, when powdered, showed339
progressive darkening (3/6 10R to 2.5/1 10R) as a result of the increasing340
amounts of magnetite relative to hematite at high temperatures.341
Samples heated in pure O2 with a p(O2) of ∼130 mbar for 10 min or 60 min342
showed a conversion of hematite to magnetite at higher temperatures than in343
vacuum (Fig. 7), as predicted by the phase diagram of Ketteler et al. (2001)344
(Fig. 8). Partial conversion of hematite to magnetite was observed between345
1250 °C and 1350 °C. Conversion of about 40% of the sample to magnetite346
was observed at the highest temperatures studied here (∼1400 °C). This347
demonstrates that the phase transition starts when the temperatures cross348
the predicted phase boundary. However, presumably due to kinetic effects,349
the samples are only partially converted from hematite to magnetite and350
much higher temperatures are required to fully convert samples to magnetite351
within the time-frame of the experiments.352
Similar patterns were found for goethite, although conversion to mag-353
netite and U concentration differ more among samples. Goethite samples354
heated in vacuum were present as hematite at the lowest temperatures stud-355
ied here (∼550 °C), with no evidence of remnant OH-groups. The first con-356
version of hematite to magnetite in goethite samples was observed at around357
950 °C. Massive U-loss occurs around 1000-1050 °C, associated with a rapid358
increase in the magnetite fraction. Full conversion of hematite to magnetite359
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Figure 8: Theoretical equilibrium phase diagram (redrawn after Ketteler et al., 2001) with
phase determinations of three different hematite samples determined by ATR-FTIR. The
exact oxygen partial pressure (pO2) of samples heated in vacuum is unknown, but lower
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at ∼130 mbar. Our observations show that partial conversion of hematite to magnetite
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Figure 9: Summary of all hematite ATR-FTIR experiments. Magnetite percentage (top)
and U concentration (bottom) as a function of temperature for heating of samples in
vacuum (left) and 130 mbar of O2 (right). U concentrations are normalized by the median
value of undegassed aliquots. Massive U-loss correlates with major conversion of hematite
to magnetite. Shaded region is temperature range of hematite-magnetite transition from
phase diagram of Ketteler et al. (2001) based on measured and estimated oxygen partial
pressures. Gray lines show general trend.
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occurs at around 1300 °C, above which all goethite samples showed ATR-360
FTIR spectra that were almost flat, which we interpret as decomposition of361
magnetite to elemental iron. This was not observed in any hematite samples362
heated to similar temperatures.363
Based on the ATR-FTIR spectra, goethite samples heated in O2 are mainly364
hematite at the lowest observed temperatures (∼900 °C), but there is evi-365
dence of remnant OH-groups up to 1400 °C. The first conversion of hematite366
to magnetite in goethite samples was observed at around 1050 °C, implying367
that hematite derived from dehydroxylation of samples originally present as368
goethite is thermodynamically and kinetically different from hematite sam-369
ples. Major U-loss in goethite samples heated in O2 coincides with a rapid370
increase in magnetite fraction at around 1200 °C.371
3.5. Phase transition from oxygen release372
With ATR-FTIR, identification of hematite-magnetite phase transition373
was only possible for more than 5% conversion. In order to identify whether374
there is conversion of hematite to magnetite at temperatures below ∼980 °C375
in vacuum, we laser-heated samples and monitored pressure build-up due to376
release of O2 from the sample with a capacitance manometer. The lower377
limit of the pyrometer is about 550 °C, and therefore samples were heated to378
this temperature or above on the first heating step.379
We observed a minor pressure increase of 1-3% of the final pressure at tem-380
peratures below 550 °C (Fig. 10), which stays constant up to about 800-900381
°C. This is presumably due to outgassing of volatiles, such as CO2, N2, or382
H2O contained in the sample. A significant amount of gas evolved at temper-383
atures >800 °C, suggesting the first release of O2 due to phase change from384
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hematite to magnetite. Pressure increased rapidly between 1000 °C and 1300385
°C, with the largest increase around 1150 °C. Above ∼1300 °C there is only386
minor change in pressure, which suggests that most of the hematite has387
transformed to magnetite. The final pressure was about 10−2 mbar, which is388
consistent with the amount of O2 (10
−7 mol from ∼20 µg of hematite sample)389
released into the volume of the laser chamber and tubing (∼5·10−4 m3) due390
to complete conversion of hematite to magnetite (release of 0.5 mol of O2 per391
mole of hematite). After the experiment, we exposed the gas to a charcoal392
trap cooled with liquid nitrogen, which led to a reduction of 95-99% of the393
total pressure. This is consistent with most of the gas being O2, since only394
CH4, H2, Ne, and He would not condense. The contribution from He and Ne395
is <10−7 mbar.396
3.6. Samples heated in oxygen397
Since we have shown that U-loss correlates with phase change from he-398
matite to magnetite, we used an increased p(O2) during laser-heating to raise399
the phase transition temperature (Ketteler et al., 2001) to test whether this400
will prevent U-loss at high temperatures. In hematite, the initiation of U-loss401
occurred at 1180-1200 °C in the presence of O2, with massive U-loss of up402
to 99% between 1200 °C and ∼1400 °C (Fig. 11). U-loss increases with both403
temperature and heating time. U-loss is apparent in both U concentrations404
and Th/U or Sm/U ratios. As in vacuum, we observed no systematic loss of405
either Th or Sm at high temperatures.406
At holding times of 10-30 min, helium in sample MS was extracted at ∼1000407
°C. Samples HM1 and HM2 were completely outgassed at 1250 °C and 1350408
°C. The apparent age is close to the two-aliquot age for samples MS and HM2409
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Figure 10: Pressure in the laser chamber as a function of temperature, interpreted to result
from release of oxygen from hematite during transition. Measurements were normalized
by the maximum observed pressure to compare samples of different mass.
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and increases exponentially for temperatures >1300 °C. In sample HM1, the410
apparent age remains below the two-aliquot bulk age at temperatures above411
which massive U-loss occurred, and helium could not be fully extracted even412
at heating times of several hours. Some aliquots of this sample show clear413
U-loss of 20-50%, yet the apparent ages are still below two-aliquot age since414
less than 50% of the total helium was extracted. Aliquots of sample MS415
heated to a temperature of 1000 °C for holding times between 5 min and 4416
h show no signs of U-loss (Fig. 6). This demonstrates that samples can be417
held for long periods of time below the U-loss temperature in O2, which is418
not possible in vacuum.419
In goethite, the initiation of U-loss is raised to ∼1100 °C (Fig. 11). Helium420
is fully extracted from all goethite samples even at 800 °C and the apparent421
ages are within uncertainty of previously determined ages. Progressive U-422
loss occurs between 1100 °C and 1300 °C, as indicated by decrease in U423
concentration and concurrent increase in Th/U or Sm/U ratio.424
4. Discussion425
U-loss as a result of heating is a concern in single-aliquot (U-Th)/He426
geochronology and thermochronology of hematite and goethite, because it427
can lead to incorrect ages. The aim of this study was to find ideal extraction428
conditions, at which single-aliquot dating of hematite is possible. U-loss has429
been studied in one goethite sample by Vasconcelos et al. (2013), who found430
a plateau of ‘safe’ degassing temperatures between the points of complete431
extraction of helium and the onset of U-loss. Reiners et al. (2014) reports432
decomposition of sample material and flowage out of the enclosing tube at433
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Figure 11: Hematite and goethite samples heated in 50-130 mbar of O2. All values were
normalized by median value from undegassed aliquots (U, Th, Sm, Th/U or Sm/U) or
two-aliquot bulk analyses (age, He concentration) and gray areas represent the typical
range of values. U-loss temperature for is deferred to 1180 °C for hematite and to ∼1100
°C for goethite, compared to ∼980 °C for heating in vacuum.
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temperatures >850 °C. Garcia et al. (2018) even report volatilization of Fe,434
Mn, and other elements in iron- and manganese-oxides at high temperatures.435
We have also observed deposits on the planchet due to volatilization of Fe436
from a sample out of Pt packets which were open at the sides. This suggests437
that the oxidation of hematite to magnetite can lead to significant restruc-438
turing of the sample material and mass loss from the packet.439
Several studies have lowered extraction temperatures for both goethite and440
hematite to 500-850 °C because U volatilization was observed at tempera-441
tures above 1000 °C (Danǐśık et al., 2013; Reiners et al., 2014; Garcia et al.,442
2018; Wells et al., 2019). For very fine-grained hematite samples, which443
likely have low helium-retentivity, these temperatures might be sufficient to444
completely extract helium. Re-extracts are one approach to test for complete445
helium extraction. In some samples, there might be highly retentive domains446
which require much higher temperatures to extract significant amounts of he-447
lium, which we observed in sample HM1. Complete helium extraction in such448
samples can only be assured by degassing a previously heated sample to tem-449
peratures close to fusion, which leads to loss of the sample. This is a way to450
test complete helium extraction if there is a large amount of homogeneous451
sample material, but might not be feasible if the sample material is severely452
limited or displays large inhomogeneity in domain size.453
The use of an ‘evaporation correction’ for U concentrations in samples, which454
were heated to temperatures at which they experience U-loss, was suggested455
by van den Kerkhof et al. (2018). This is essentially a two-aliquot approach.456
However, we have shown that U concentrations in undegassed samples can457
be highly variable, especially at the scale of tens to hundreds of micrograms,458
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which is typical size of single-aliquot samples. In addition, the amount of459
absolute U-loss is not reproducible between aliquots. This suggests that any460
‘evaporation correction’ would carry an uncertainty of at least 20-50% and is461
therefore not a feasible way of obtaining precise and reproducible (U-Th)/He462
ages. Partial U-loss of homogeneous material produces age-eU correlations,463
in which low U concentrations are associated with high age, and vice versa.464
Another possibility for completely extracting helium from a sample is to hold465
them for longer periods of time at lower temperatures. Due to the logarith-466
mic nature of thermally activated Fickian diffusion of helium through the467
crystal, isothermal holding times increase manyfold from even a slight reduc-468
tion in temperature (Fig. 12). Conversely, any small temperature increase469
without U-loss leads to a considerable reduction in the required heating time.470
We found that heating samples at a temperature ∼950 °C, which was previ-471
ously assumed to be ‘safe’ for iron-oxide outgassing (Vasconcelos et al., 2013)472
resulted in massive U-loss at total heating times over 20 min (Fig. 6). Com-473
plete extraction of helium from a highly retentive sample at temperatures474
below 950 °C would require much longer heating times. While longer hold-475
ing times facilitate greater helium extraction, they simultaneously promote476
greater U-loss in vacuum.477
4.1. Phase transition and U-loss478
In experiments in which we heated aliquots of hematite and goethite sam-479
ples to different temperature in vacuum, we found that U-loss first occurs at480
980-1000 °C (Fig. 5), as evidenced by a decrease in U concentrations and in-481
creased Th/U and Sm/U ratios. This is the same temperature range as was482
observed for goethite and hematite in previous studies (Vasconcelos et al.,483
33
J
ur
na
l P
r
-p
r
of
2013; Danǐśık et al., 2013; Reiners et al., 2014). Hematite samples showed a484
more consistent U-loss temperature than goethite samples. This difference485
could be due to the nature of samples, or it might be because of the larger486
natural variability of U, Th, and Sm concentrations in the goethite samples487
studied here, which make U-loss harder to detect.488
The phase diagram of Ketteler et al. (2001) predicts the phase transition489
from hematite to magnetite at equilibrium conditions to occur at 850 °C490
and 710 °C at a p(O2) of 10−5 mbar and 10−8 mbar, respectively (Fig. 8).491
This suggests that an ‘age plateau’ up to 950 °C for goethite, as described492
by Vasconcelos et al. (2013), is allowed only by kinetics. Pressure in the493
laser chamber before degassing is about 10−8 mbar. The highest pressures494
observed during degassing are around 10−5 mbar. This can be taken as an495
upper bound for the possible oxygen partial pressure in the laser chamber496
during vacuum degassing. Since oxygen is being released by the sample as497
hematite transforms to magnetite, the p(O2) in the laser chamber might498
increase and lead to a higher hematite-magnetite transition temperature for499
the remaining material. This negative feedback process can cause an increase500
in the actual phase transition temperature compared to that at initial vac-501
uum conditions. At Caltech, samples are usually degassed while exposed to502
a charcoal trap cooled with liquid nitrogen, which traps most gases evolved503
from the sample.504
We investigated the phase change from hematite to magnetite in samples ini-505
tially present as hematite and goethite using ATR-FTIR. The first detectable506
conversion of hematite to magnetite in these samples was observed at temper-507
atures of 950-990 °C, which coincides with the inception of U-loss measured508
34
Jo
ur
na
l P
r
-p
oo
f
on aliquots of the same material used for ATR-FTIR analyses. There was509
more scatter of U concentrations of aliquots which had experienced U-loss510
in ATR-FTIR experiments than was observed in heating experiments. Each511
packet heated for ATR-FTIR samples contained tens of milligrams of sam-512
ple material aggregated from tens to hundreds of individual grains, whereas513
the much smaller packets for single-aliquot analyses contained only a sin-514
gle fragment of sample with masses of 10-100 µg. U volatilized from the515
outside of any individual grain might condense onto the neighboring grain516
with a large amount of sample material present, and consequently the aliquot517
might appear to have experienced a smaller amount of U-loss. With only a518
single grain present in a small packet, U volatilized from the sample might519
be absorbed by the packet or escape through the ends of the tube and is not520
quantitatively recoverable.521
Goethite samples were observed to convert more readily from hematite to522
magnetite. We also observed a possible decomposition of magnetite to el-523
emental iron in these samples, which is predicted by a published phase di-524
agram (Fig. 8), but was not observed in hematite samples heated to com-525
parable temperatures. Since goethite samples used in this study are more526
fine-grained than hematite samples, this might be evidence of grain-size de-527
pendent kinetics of the phase transition. The dehydroxylation reaction that528
transforms goethite to hematite at 180-300 °C (Prasad et al., 2006; Ruan529
et al., 2001) can also lead to major re-crystallization of the sample, with a530
possible further reduction of grain-size. This might influence the kinetics of531
the hematite-magnetite transition at higher temperatures, which could con-532
tribute to cause the phase transition and U-loss to happen at temperatures533
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lower than those for hematite. The goethite-hematite transformation tem-534
perature is affected by the amount of Al-substitution for Fe (Cornell and535
Schwertmann, 2003). We are not aware of any published works on the ef-536
fect of Al-substitution on the hematite-magnetite transition. None of the537
samples studied here had any significant amounts of Al-substitution, so we538
cannot exclude effects on the hematite-magnetite transition temperature and539
associated U-loss.540
We interpret the correlation between phase transition temperature and U-541
loss as evidence that these processes are connected. The phase transition of542
hematite to magnetite causes a major re-organization of the crystal structure543
as Fe3+ is reduced to Fe2+. The coordination of Fe changes from octahedral544
coordination to a spinel structure and oxygen is released from the crystal.545
This seems to lead to a major fractionation of U, with Th and Sm being546
quantitatively retained, while almost none of the U is incorporated into the547
magnetite. U incorporated in hematite likely substitutes for Fe in octahedral548
configuration (Ilton et al., 2012) and might be reduced if it cannot attain549
this configuration for steric reasons (Skomurski et al., 2011). Unlike Th and550
Sm, U is redox-sensitive and incorporation of U into iron-oxides also depends551
on the Fe2+ density (Skomurski et al., 2011). The fractionation of U relative552
to Th and Sm during the hematite-magnetite transition is therefore likely553
a result of the change in oxidation state of Fe and the re-organization of554
the crystal structure. If U is not incorporated into the magnetite crystal555
structure during re-crystallization, it might be brought to the surface of the556
crystallite, where it could evaporate and be ejected from the packet.557
We observed no major loss of U as a result of the goethite-hematite transition,558
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as evidenced by U concentrations of samples heated between 800 °C and 980559
°C being close to those of undegassed aliquots (Fig. 5). This transition in-560
volves only dehydroxylation of inter-layer -OH groups and the oxidation state561
of Fe does not change. Fractionation due to differences in redox-sensitivity562
is therefore not expected for this reaction. Due to the natural variability of563
undegassed samples, we cannot exclude minor amounts of U-loss associated564
with this process. However, some goethite samples have previously given565
very reproducible ages when degassed at 900-950 °C (e.g. Vasconcelos et al.,566
2013), so we do not expect any U-loss due to the goethite-hematite transition567
of samples during laser-heating.568
Since our results indicated that U-loss in iron-oxides might be caused by569
the phase transition from hematite to magnetite, we investigated ways to570
raise the phase transition temperature. In ATR-FTIR experiments, we ob-571
served that the phase transition temperature of hematite samples was raised572
to about 1250 °C due to the presence of ∼130 mbar of O2 (Fig. 9).573
We observed no U-loss in samples heated in O2 for ATR-FTIR analyses.574
Laser-heating experiments of aliquots in comparable oxygen pressures simi-575
larly showed that U-loss was initiated at around 1180 °C in hematite sam-576
ples and 1100 °C in goethite samples. This demonstrates that deferring the577
hematite-magnetite transition to higher temperatures has affected the tem-578
perature at which U-loss occurs, which provides further evidence that U-loss579
is caused by the phase transition from hematite to magnetite. This informa-580
tion can be used to raise the phase transition temperature, and therefore the581
U-loss temperature, as required by the sample. According to the phase dia-582
gram of Ketteler et al. (2001), oxygen partial pressures of 1 mbar, 10 mbar,583
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Figure 12: Modeled time to extract 99.5% of total amount of helium for different domain
sizes using the hematite diffusion coefficients of Farley (2018). Gray areas represent 2σ
uncertainty. Safe limit of vacuum degassing of hematite is around 950 °C. Degassing in
∼130 mbar of O2 can be done safely without U-loss up to ∼1150 °C in hematite. We
assume that presence of O2 does not affect the helium release rate.
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and 100 mbar can raise the hematite-magnetite transition to about 1120 °C,584
1210 °C, and 1310 °C. We have found minor amounts of magnetite up to 100585
°C below these temperatures, suggesting that modeled T-p(O2) conditions586
can deviate from theoretical predictions in natural samples.587
4.2. Implementation of high p(O2) method588
The normal setup for (U-Th)/He laser heating was amended for heating589
samples in a pure O2 atmosphere. A manifold with an O2 tank, a cold finger,590
and a manometer was connected between the laser chamber and the line591
(Fig. 13). We filled the tank with O2 to a pressure of 22 psi (152 kPa).592
After pumping the laser chamber to <10−8 mbar and confirming a 4He blank593
of <0.001 ncc, O2 was released into the laser chamber with a pipette that594
delivers about 130 mbar per draw. Oxygen pressure was measured using a595
manometer. The O2 was then fixed on a cold finger cooled with LN2, and596
this was turbo-pumped for 1 h to remove any helium impurities in the O2.597
Before a measurement, the laser chamber is ion-pumped for 20 min. The598
laser chamber was closed to the U-trap at valve A (Fig. 13) and O2 was599
released into the laser chamber by removing the LN2 dewar from the cold600
finger with an automated lifter mechanism. The aliquot was then heated601
using a diode laser controlled by a PID system with feedback from an optical602
pyrometer. The required laser output power for heating samples in O2 was a603
factor of five to ten larger than for samples heated to the same temperatures604
in vacuum, due to the higher attenuation of the laser beam in O2 as well as605
increased convective loss of heat from the packet.606
We did not heat samples to setpoints within less than 50 °C below the actual607
phase transition temperatures to allow for minor temperature overshoots and608
39
Jo
ur
l P
re
-p
ro
of
quadrupole 
mass spectrometer
LN2
lifter mechanism
charcoal
charcoal
U-trap
cryo-
stat
He
pipette
4
pipette
He3
A
B cold finger
LN2
CD
mano-
meter
O2
tu
rb
o
m
o
le
cu
la
r
p
u
m
p
pipette
laser
chamber
diode
laser
plancheti
o
n
 p
u
m
p
Figure 13: Schematic diagram of the vacuum line used for O2 degassing. A calibrated
amount of O2 is released into the laser chamber from the O2 tank using a pipette. The
lifter mechanism can be used to release and capture O2 on the cold finger before and after
laser heating. Samples are degassed with 130 mbar of O2 present, which is completely
trapped before mass spectrometric analysis.
inhomogeneity within the Pt packet as well as sample-dependent differences609
in transition temperature. We have observed minor U-loss for long holding610
times at around 1200 °C, which should be taken as the maximum allowable611
temperature for degassing of hematites in 130 mbar of oxygen partial pres-612
sure.613
After degassing, the LN2 dewar is moved back onto the cold finger and the614
O2 is again captured on the activated charcoal. The helium evolved from615
the sample is mixed with a controlled amount of 3He spike. The gas passes616
through a U-trap filled with activated charcoal and cooled by LN2, which617
helps to capture any remaining O2 in the line and prevents it from reaching618
the cryogenic pump or the mass spectrometer. Helium is then adsorbed onto619
activated charcoal on a cryogenic pump at 14 K and released into the mass620
spectrometer at 36 K.621
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We initially performed some experiments using Nb packets, which have been622
used for many past studies (e.g. Evenson et al., 2014; Calzolari et al., 2018;623
Garcia et al., 2018; McDermott et al., 2017). We found that Nb turned dark624
within seconds of heating in an O2-rich atmosphere, associated also with a625
drop in oxygen pressure in the laser chamber. This suggests that Nb packets626
oxidize at temperatures required to fully extract helium from iron-oxides in627
an O2-rich environment, and are therefore not suitable for use with the high628
p(O2) method.629
Technical implementation of the O2 degassing procedure as an automated630
system is described in Supplementary Material A, along with a discussion631
of technical challenges, proposed solution, and long-term performance of the632
degassing setup. We show that the presence of O2 during degassing does not633
interfere with cryogenic capture, ionization efficiency, or mass spectrometric634
measurement of He.635
4.3. Replicate analyses636
Due to the natural variability of U, Th, and Sm concentrations of samples637
weighing tens to hundreds of micrograms observed in some samples (see Fig.638
3), some aliquots have U and Th concentrations that are several times that639
of the bulk of the sample. This can lead to α-ejection from high-eU areas640
and α-implantation into low-eU areas (Farley et al., 1996). In initial tests,641
we observed that ages of replicate analyses of individual samples had average642
ages that are close to the two-aliquot age, but showed more scatter and a643
slight age-eU correlation with higher ages for lower eU and vice versa, even644
when degassed at temperatures significantly below those for which loss of U645
was observed. We interpret this as an indication that the age scatter was646
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due to natural variability of parent isotopes and associated α-redistribution647
rather than a result of U-loss.648
To demonstrate the capabilities of the oxygen degassing technique, we re-649
duced the inter-aliquot variability of parent and daughter isotope concentra-650
tions by producing 12 replicate aliquots of sample MS, which were aggregated651
from about 10 individual grains each. These aliquots were loaded into the652
same small Pt tubes used for individual grains and heated to 1150 °C for 20653
min. The results are given in Fig. 14. The average U concentration is slightly654
higher than the median value of undegassed aliquots. Sm concentrations are655
correspondingly higher as well, leading to Sm/U ratios that exactly match656
that of undegassed aliquots. Since the samples were aggregated from grains657
of 10-20 µg each, the U concentrations in these samples might not exactly658
match the median value of all undegassed aliquots.659
The average of n=12 ages is 579±11 Ma (Fig. 14), which matches, within660
uncertainty, the age of 571±18 measured by Farley and McKeon (2015) using661
the two-aliquot method. This set of 12 replicate analyses shows no age-eU662
correlation and has Sm/U ratios, which precisely match those of undegassed663
aliquots. We therefore conclude that no U-loss occurred in this hematite664
sample during laser-heating in 130 mbar of O2 at 1150 °C, which is more665
than 170 °C above the U-loss temperature in vacuum.666
We also obtained ages of 1732±35 Ma and 1725±39 Ma for the highly re-667
tentive sample HM2 by holding them at 1150 °C for 4 h. This is within668
uncertainty of the two-aliquot age of 1761±39 Ma (Miller, 2019). These re-669
sults demonstrate that the O2 degassing method can be used to obtain precise670
and accurate single-aliquot (U-Th)/He ages of hematite. Sample HM1 could671
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Figure 14: (U-Th)/He ages of replicate analyses of aggregated aliquots of hematite sample
MS degassed in 130 mbar of O2 at 1150 °C for 20 min, compared to the two-aliquot age of
Farley and McKeon (2015). Heated aliquots show no correlation between age and effective
U concentration (eU). KDE distributions of degassed samples (dark shading) overlap with
those of undegassed samples (light shading). There is no indication of U-loss.
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not be fully extracted even through holding at 1150 °C for 4 h and there-672
fore this sample could not be dated. Since the sample did not show any673
U-loss, full helium extraction might be possible at even longer holding times.674
The increase in degassing temperature compared to vacuum degassing and675
the ability to hold samples at these temperatures for several hours without676
U-loss allows for the analysis of much more highly retentive hematite and677
goethite samples than previously possible.678
4.4. Th/U and Sm/U as indicators of U-loss679
The Th/U ratio is frequently used as a criterion to assess possible U-loss680
in iron-oxides (e.g. Danǐśık et al., 2013; Vasconcelos et al., 2013; Evenson681
et al., 2014; Ault et al., 2015; Calzolari et al., 2018; Garcia et al., 2018).682
However, as we show in this study, the natural variability in U and Th con-683
centrations might obscure small amounts (<20%) of U-loss. An increase in684
the Th/U ratio can indicate major U-loss, provided that the normal range685
and distribution of U and Th concentrations have been characterized on a686
statistically significant number of aliquots, both degassed and undegassed.687
Some samples have very low Th concentrations (<0.1 ppm). Even for aliquots688
of hundreds of micrograms, the absolute amount of Th in these samples is689
close to blank level in ICP-MS analyses. The samples analyzed in this study690
that showed insufficient Th concentrations had Sm concentrations that were691
significantly higher. None of the samples studied here showed any systematic692
loss of Sm with temperature. We therefore utilized the Sm/U ratio, which693
showed the same pattern of rapid increase with U-loss as the Th/U ratio.694
Since Sm contributes to 4He production, albeit only to a minor extent, it695
is routinely measured in (U-Th)/He dating of iron-oxides. In the samples696
44
Jo
ur
al 
Pr
e-
pr
oo
f
analyzed in this study, Sm concentrations and Sm/U ratios in undegassed697
aliquots were found to show a natural variability comparable to that of Th.698
The Sm/U ratio is therefore an indicator that can be used in conjunction699
with or in place of the Th/U ratio to detect major loss of U, if the natural700
variability of undegassed aliquots has been sufficiently characterized. How-701
ever, the use of the Sm/U ratio is subject to the same restrictions as that of702
the Th/U ratio, due to the large variability in natural samples.703
4.5. Age-eU correlation704
Loss of U also manifests as a correlation between (U-Th)/He age and705
effective uranium concentration (eU = [U] + 0.235·[Th] + 0.005·[Sm]). Our706
data show an inverse correlation between these parameters for samples de-707
gassed in vacuum (see Fig. 15). For a sample, in which the temperatures708
of complete helium extraction and U-loss are close together (e.g. MS), the709
data closely follow the theoretical prediction of ages. If helium has been710
completely extracted, the increase in age is determine only by the loss of U.711
For the limit of no U-loss, the age-eU curve asymptotes to the true age of712
the sample. If the loss of U occurs at temperatures significantly below that713
of complete helium extraction (as in sample HM-02), the data deviate from714
the predicted trend (Fig. 15). Many samples have ages below the true age715
of the sample, and eU values close to that of undegassed aliquots, indicat-716
ing incomplete He extraction and no U-loss. Aliquots, which have partially717
lost U with nearly complete He extraction, show ages close to the predicted718
trend. However, aliquots deviate from the prediction close to the true age of719
the sample, due to incomplete He extraction and partial U-loss. Replicate720
aliquots of a sample degassed in oxygen, which have no detectable U-loss,721
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Figure 15: (U-Th)/He ages as a function of effective uranium concentration for samples
MS (left) and HM-02 (right) degassed in vacuum, with bulk ages indicated by a gray
line. The data shows a negative correlation between these parameters, which follows the
predicted trends (red lines) assuming initial U concentrations equal to the bulk value and
age variation solely due to loss of U.
show a tight clustering of ages with no age-eU correlation (Fig. 14). The722
shape of age-eU correlations can therefore be used as an additional tool to723
diagnose possible laser-heating induced U-loss.724
4.6. He release in O2725
The presence of O2 and the associated higher hematite-magnetite tran-726
sition temperature relative to vacuum might affect helium extraction. The727
diffusion parameters of helium in magnetite are likely different than those728
of hematite. Preventing the phase from changing to magnetite means that729
helium diffusion will occur according to hematite parameters at higher tem-730
peratures than in vacuum. Additionally, the phase transition from hematite731
to magnetite leads to re-crystallization of the sample material, along with a732
change in specific density and volume as well as loss of oxygen. This might733
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open fractures and lead to a reduction of effective diffusion domain size or734
by other means promote helium loss. A resulting change in diffusivity might735
alter the time and temperature required to completely release helium from736
the sample.737
5. Conclusions738
We have shown that U-loss in iron-oxides correlates with the phase transi-739
tion from hematite to magnetite. In vacuum, U-loss is measurable at around740
980 °C in both hematite and goethite samples, although U-loss occurs at741
lower temperatures when samples are heated for longer periods of time. The742
hematite-magnetite transition temperature can be raised to ∼1250 °C with743
130 mbar of oxygen partial pressure in the laser chamber during heating.744
The U-loss temperature is consequently raised to about 1200 °C, enabling745
the safe degassing of samples up to ∼1150 °C.746
Samples can be held at those temperatures for several hours without de-747
tectable U-loss, which can be utilized to extract helium from highly retentive748
hematite samples. The phase diagram of Ketteler et al. (2001) can be used749
as a guide to predict the onset of the phase transition from hematite to mag-750
netite, although we observed it up to 100 °C below the modeled temperatures.751
The oxygen partial pressure can then be adjusted based on the required he-752
lium extraction temperature. Time and temperature for degassing can be753
estimated based on the maximum domain size in the sample using the diffu-754
sion parameters of Farley (2018).755
Our experiments demonstrate that temperatures during iron-oxide degassing756
should be tightly controlled. We have shown that temperature can be mea-757
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sured to within 2% accuracy using a one-wavelength pyrometer. Exceeding758
the temperature above which hematite readily converts to magnetite can lead759
to partial or total U-loss. Due to natural variability in U and Th concentra-760
tions, U-loss of 20-50% in individual samples might not be detectable as an761
increased Th/U or Sm/U ratio. Overheated samples responded to a hand762
magnet while still in the Pt packet. This test can be used to screen goethite763
and hematite samples which have possibly experienced loss of U as a result764
of partial transformation of hematite to magnetite.765
We have demonstrated that it is possible to obtain reproducible single-aliquot766
(U-Th)/He ages of hematite samples through laser-heating to 1150°C in a767
pure O2 atmosphere of about 130 mbar. The average of a set of single-aliquot768
ages of a hematite specimen is within uncertainty of the previously estab-769
lished two-aliquot age of the sample. The single-aliquot approach requires770
much less sample material (tens of micrograms instead of several milligrams),771
enabling age determination when sample material is limited. Smaller sam-772
ple size also allows for the resolution of age inhomogeneity at a finer scale,773
which would be obscured by the homogenization necessary for the two-aliquot774
method.775
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